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Abstract 

The chemical structure of cobalt -polypyrrole - produced by a dual plasma process - is analysed by means 

'o 

of X-ray photoelcctron spectroscopy (XPS), near edge X-ray absorption spectroscopy (NEXAFS), X-ray 
diffraction (XRD), energy-dispersive X-Ray spectroscopy (EDX) and extended x-ray absorption spectroscopy 
(EXAFS).It is shown that only nanoparticles of a size of 3nm with the low temperature crystal structure 
of cobalt are present within the compound. Besides that, cobalt-nitrogen and carbon-oxygen structures 



are observed. Furthermore, more and more cobalt-nitrogen structures are produced when increasing the 
magnetron power. Linking the information on the chemical structure to the results about the catalytic 

o 

activity of the films - which are presented in part I of this contribution - it is concluded that the cobalt- 
nitrogen structures arc the probable catalytically active sites. The cobalt-nitrogen bond length is calculated 
as 2.09 A and the carbon-nitrogen bond length as 1.38 A. 
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1. Introduction 

> 

At present, much effort is being spent on the development of an efficient and economical catalyst for 
the oxygen reduction reaction in polymer electrolyte membrane fuel cells, and non-noble metal catalysts 
(NNMCs) have been recognised as a promising alternative to the costly platinum employed to date. 
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Plasma depositing techniques are known to be one way of producing various metal-polymer films - e.g. 
silver nanoparticles distributed in various matrices [501 HUH], Zn:Si:0 and Ti:Si:0 [8 , gold nanoparticles 
distributed in a fluorocarbon matrix[9 as well as copper-polypyrrole compounds |41) . In part I of this 
contribution results from several electrochemical and surface porosity measurements have been presented 
showing that NNMCs can be obtained by using a dual plasma-enhanced vapour deposition/plasma vapour 
deposition process, too [32]- 

There is an ongoing discussion about chemically active sites in NNMCs, which are produced via pyrolysis 
- metal-N2 as well as metal-N4 structures were identified and are thought to be responsible for the catalytic 
activity of the compounds. [511 |H1 HHj The binding state of the nitrogen itself - pyrollic, pyridinic or edge 
plane - may play a role as well. [121 [22] In recent years it has been claimed that some carbon-based materials 
that do not contain any transition metals show catalytic activity for the oxygen reduction reaction as well. 
[21)1 [501 152"] This led to the discussion of whether the metal itself is actually part of the catalytic site or 
if graphitic nitrogen plays the major role while the metal only catalyses the formation of those structures 
during the preparation process. Naturally, as for the chemically produced NNMCs, the question arises of 
which site is responsible for the catalytic activity of the NNMCs produced in the dual plasma process. 

Here the NNMCs thus produced are analysed by means of various X-ray methods: Energy dispersive 
X-ray spectroscopy (EDX), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), near edge 
X-ray absorption fine structure spectroscopy (NEXAFS) , and extended X-ray absorption fine structure spec- 
troscopy (EXAFS). The obtained results made it possible to draw conclusions on their chemical structures. 
Combining them with the results of the electrochemical measurements presented in part I, chemical sites 
were identified that are probably responsible for the catalytic activity of the films. 

2. Materials and Methods 

The experimental setup for the production of the compounds is given in part I of this paper. [32] 
Energy-dispersive X-Ray spectroscopy (EDX) was carried out at the field emission scanning electron 
microscope JEOL JSM-7500F with a Bruker X-Flash spectrometer (30 mm 2 silicon drift droplet detector) 
having an energy resolution of 127 eV. For the optimal count rate during the EDX analysis the acceleration 
voltage of the electron beam was adjusted to 5kV leading to an information depth of up to about 300 nm. 
For these measurements, the films were deposited on a silicon wafer to avoid additional signals from a 
substrate containing carbon or oxygen. 

The phase composition was quantified by X-ray diffraction (XRD) using Cu Ka radiation (full pattern 
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method for quantitative phase analysis, HZG4 Seifert FPM). For those measurements, the cobalt-polypyrrole 
(Co-PPy) films were deposited on undoped silicon wafers in the (100) direction and measured in grazing 
incidence setup at an angle of 0.5° and 1° to the sample surface. 

With X-ray photoclcctron spectroscopy (XPS, Kratos analytical Axis Ultra) the content of different 
chemical elements on the surface (without hydrogen) and their binding composition were measured. The 
XPS spectra were recorded using a conventional hemispherical analyser and a monochromatic Al Ka source 
at 1486.6 eV with f50W X-ray power in a standard configuration. Data acquisition parameters for photo- 
electron spectra were 80 eV pass energy for measurements of the element content and 10 eV for high-resolved 
peaks. Charge compensation was applied. Data acquisition and processing was realised with Vision 2.1.3 
software (operating software: Kratos, Manchester, UK). The peak fitting procedure was carried out with 
the help of CasaXPS software version 2.2 (Casa software Ltd., Teignmounth, UK). Gauss-Lorentz (30% 
Lorentz) distribution, linear background and fixed full width at half maximum (FWHM) of max. 1.2 eV 
were applied. All values are given in XPS atomic percentage and ratios thereof. The XPS atomic percent- 
age is calculated from the measured peak areas for each element present in the spectrum considering their 
respective sensitivity factors. Survey scans and highly resolved spectra of the C, N, O Is and Co 2p regions 
were recorded for the films deposited on silicon wafers (orientation [100]). 

NEXAFS experiments at the C, N and O K edge and the Co £2,3 edges were performed at the Russian- 
German beamline (RGBL) of the BESSY II synchrotron facility. To this end, the cobalt-polypyrrole films 
were deposited onto silicon wafers. All spectra were recorded at normal incidence to the sample surface, 
using a Keithley source meter to measure the drain current into the sample (total electron yield mode). The 
probing depth in total electron yield mode at these energies amounts to ~ 10 nm. The energy range of 30 eV 
up to 1500 eV can be recorded with a resolving power E/AE of up to 20000. The signal was normalised 
to both the storage ring current and the energy-dependent photon flux of the RGBL, which was measured 
using a freshly sputtered gold sample. The background originating from lower lying absorption edges was 
eliminated by fitting a 2nd order polynomial background to the pre-edge region. 

Near edge X-ray absorption fine structure (NEXAFS) and extended X-ray absorption fine structure 
(EXAFS) of the cobalt K edge was carried out at the beamline KMC-2 at the BESSY synchrotron. There 
the energy can be tuned from 5keV to 14keV with a resolving power E/AE of approx. 5000. For those 
measurements the cobalt-polypyrrole films were deposited onto a teflon substrate to avoid additional signals 
from heavier elements. It was measured with the fluorescence method using a PIN photodiode with an 
angle of 45° to the sample. Due to the high penetration depth of X-rays of energies at about 8 keV these 
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measurements give information on the bulk structure of the compounds. Data analysis was carried out with 
IFEFFIT version 1.2.11. Q] 

3. Results and Discussion 

3.1. Energy-Dispersive X-Ray Spectroscopy 

The percentages of the elements detected in the cobalt-polypyrrole films are shown in table [T] It can 
easily be seen that the cobalt content rises with increasing magnetron power, while nitrogen and carbon 
content decreases. The oxygen content does not show a clear trend. Because oxygen was not introduced 
into the plasma process, the oxygen content is likely to come from the oxidation of the cobalt-polypyrrole 
compounds after the process since the samples were stored in air. The rather high oxygen content is also 
related to the fact, that oxygen is mostly present at the surface of the compounds (c. f. XPS section). 
Since the analysis method of the EDX quantification is sensitive to surface contaminations, this leads to an 
overestimation of the oxygen content within the samples. |11| 

Because no further information can be obtained directly from the elemental contents alone, the ratio of 
nitrogen versus carbon was calculated. These values make it possible to obtain more detailed information 
about the structural composition of the films. As can be seen in table[l] this value is 0.25 at pure polypyrrole 
(which corresponds to the 1 nitrogen atom versus 4 carbon atoms in pure pyrrole) and increases for the 
cobalt containing samples up to 0.31. 

3.2. X-Ray Diffraction 

Exemplarily, the XRD spectra of a film produced with a magnetron power of 400 W is presented in figure 
[T] Peaks evolving from metallic cobalt and a Laue-peak originating from the silicon substrate can be seen. 
It is interesting to note that only metallic cobalt in the hep crystal structure (a cobalt) can be seen - in 
contrast to the cobalt with fee structure (f3 cobalt) that is found at pyrolised samples. [461 021 US EI] This 
is because cobalt transforms from the a to the /3 state at 471 °C. [17] Therefore, the observation that only 
the a state of cobalt is found in the plasma-produced samples is a proof that the substrate is kept at low 
temperatures during the plasma process. 

By using the Williamson-Hall-Plot [44] it has been calculated that nanoparticles with a grain size of 3 nm 
and a lattice spacing of 2.493 A are present within the sample. Comparing this to a grain size of about 20 nm 
in a pyrolised sample [47] heated up to 900 °C one can see that - bearing in mind that the cobalt content 
is 61at.-% for the sample produced in this contribution compared to about 13at.-% for the heat treated 
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sample - the clustering is strongly suppressed in the plasma-produced films compared to the pyrolised ones. 
The reason for that is the fact that the atom mobility is smaller at lower temperatures. This decreased 
atom mobility could also lead to an increased amount of catalytically active, cobalt containing structures 
since fewer cobalt atoms might be able to leave the Co-N^-structures during the production process forming 
catalytically inactive metallic cobalt. 

3.3. X-Ray Photoelectron Spectroscopy 

The elemental content calculated from XPS-measurements is given in table [2] Since the elemental 
contents measured with XPS are always contaminated with atmospheric hydrocarbons - the depth of in- 
formation is only up to about 10 nm - the calculation of the N/C ration as done in the EDX section does 
not lead to meaningful data here. Furthermore, the nitrogen content at the surface is at the detection limit 
of the XPS measurements - the calculated N/C value would be very small and the error level high. This 
leads to the observation that the error level of the N/C calculation would be higher than the N/C value 
itself - so it is not valuable at all. But qualitatively the same conclusion can be drawn from the elemental 
contents measured by XPS. The cobalt content rises with increasing magnetron power while nitrogen and 
carbon content decreases. The oxygen content is much higher in the cobalt-polypyrrole samples than in the 
polypyrrole itself and increases slightly with increasing power. 

By comparing the elemental contents obtained from EDX with the ones measured with XPS one can see 
that the percentage of carbon and oxygen is higher in the XPS data and the one of nitrogen and cobalt is 
lower. This is a proof for the assumption from the EDX section that oxygen is only present at the surface of 
the films. Because of the the much lower information depth of XPS (about 10 nm) to EDX (about 300 nm) 
an increase of carbon and oxygen content by atmospheric contaminations can be seen in the XPS data. [40] 

The C Is high resolution spectra were analysed with the binding energies given in table [3] The results 
can be seen in figure [2j The binding energy of C Q is different to Cp because of the electronegativity of the 
nitrogen atom within pyrrole, (c. f. chemical structure of pyrrol in figure [2]). [33] 

It has to be noted that throughout this contribution by using the term pure polypyrrole we are referring 
to plasma-produced polypyrrole that was produced by only using the RF-electrode as explained in part 
I. [42] This is important because by using a plasma process to polymerise pyrrole, a fraction of pyrrole 
rings is destroyed and various bonds such as e.g. C=N, C=0, N-C-O, COO etc. - that would not be 
present in perfect polypyrrole - are formed. |50| This can also be seen by the fact that there is more C a 
then Cp in plasma polymerised polypyrrole due to structural disorder - in perfect polypyrrole both C^ 
and C Q should be equally distributed. In chemically produced polypyrrole, also 1/3 of all pyrrole rings are 
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affected by structural disorder leading to a decrease of the Cp peak. However, because of the reactions 
in the plasma chamber as well as the increased energy input to the substrate the structural disorder in 
plasma polymerised compounds is even higher. Another reason for the increase of the C a -peak is, that it is 
overlapping with contaminations of hydrocarbons, that are present in all XPS-spectra. 

When comparing the pure polypyrrole samples with the ones containing cobalt one can see that only 
crosslinked carbon bonds (C-C) and oxidised carbon structures increase while all other bindings decrease. 
This could already be seen at copper-polypyrrole samples produced with a dual plasma process |41j and can 
be linked to an increase of the energy input into the substrate with rising magnetron power leading to the 
destruction of the pyrrole rings - and thus the production of more and more unsaturated bonds that are 
then oxidised when brought in contact with air. The peak of carbon-cobalt complexes is overlapping with 
the one of Cp so the formation of Co-C bonds can not completely be excluded. However, if Co-C bonds are 
present, only a small fraction of carbon is bound in that way. 

Furthermore, single bonds (C-N) are decreasing more strongly than double or triple bonds. This has 
also already been seen in copper-polypyrrole and was linked to the hydrogen deficit in pyrrole. [41] 

Comparing the cobalt-polypyrrole compounds produced with different magnetron powers no clear trend 
can be seen - a structure responsible for the increasing catalytic activity with raising magnetron power 
cannot be identified. Because of that, further experimental techniques are necessary to obtain a deeper 
insight into the chemical structure of the films. Furthermore, the high resolution spectra of the nitrogen Is 
region could not be analysed due to the low nitrogen content at the surface leading to a noisy spectrum - 
fitting of the peaks obtained there does not lead to meaningful data. 

Because of this, NEXAFS measurements were carried out at the beamline RGBL at BESSY to resolve 
the chemical structures that are present within the plasma-produced compounds. 

3.4- Near-Edge X-Ray Absorption Fine Structure 

In order to gain a deeper insight into the chemical bonding and - in particular - into the chemical state 
of nitrogen, X-ray-absorption spectroscopy was carried out and the fine structure close to the characteristic 
absorption edges was analysed. The near-edge fine structure reflects X-ray induced electron transitions from 
deeply bound core-levels into unoccupied molecular orbitals close to the Fermi level. Since the molecular 
orbitals are responsible for the chemical bonding, very direct information on the chemical state of atoms 
can be obtained with element specificity. 

As shown in part I of this contribution, the catalytic activity of the Co-polypyrrole films increases with 
magnetron power [42 . Therefore, we tried to carefully follow changes in the near-edge structures of the 
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C, N, O, Co K edges and the Co £2,3 edges as a function of magnetron power in order to identify the 
chemical sites that are responsible for the catalytic activity. Particularly interesting are chemical structures 
related to those spectral features that become enhanced or exclusively appear in samples produced with 
high magnetron powers. 

The spectra recorded at the different absorption edges are shown in figures [3]|6] The assignments of the 
individual resonances/peaks to certain chemical sites is summarised in table [4] No quantitative fitting was 
carried out due to the large number of spectral features. The spectra will be discussed only qualitatively, 
based on the relative height of the peaks and their evolution with magnetron power. 

3.4-1- Carbon K edge 

The carbon K edge spectra are shown in Figure [3] for a selected set of samples. For native polypyrrole 
(0 W magnetron power) the spectrum only consists of peaks which can be attributed to C=C, aromatic C-N 
structures, and a small contribution that can be assigned to C=0 structures. 

When the magnetron was used to incorporate cobalt into the films the peak assigned to C=0 structures 
becomes significantly enhanced indicating a notable oxidation of the carbon structures in the sample - as also 
already seen by XPS high resolution measurements. The oxidation process seems to be strongest for high 
magnetron powers and is probably related to the higher energy input into the sample. Since the magnetron 
is operated at higher powers than the RF-electrode - and since magnetrons are constructed in such a way 
that the plasma density is higher - the amount as well as the energy of the ions hitting the substrate surface 
is much higher. This leads to an additional breaking of carbon bonds - resulting in dangling bonds at the 
surface that saturate with atmospheric oxygen when brought in contact with air. 

This is also confirmed by the information obtained by EDX and especially XPS - the oxygen content of 
the cobalt containing samples is much higher than the one of pure polypyrrole. 

Another feature - which has not been detected for native pyrrole samples - appears at 290.0 eV and 
increases with raising magnetron power. In contrast to to the C=0 peak it is already relatively intense 
for low magnetron power, but grows less pronounced when the magnetron power is increased. This points 
to a different origin of this peak. A comparison with previous studies suggests that this peak is related to 
the incorporation of Co into the sample and the formation of C-N-Co 135. or C-Co [36 bonds. Since XPS 
measurements have shown that only a small amount of carbon might be bound directly to cobalt, this peak 
is probably not mainly related to C-Co structures. In pyrrole rings a peak at around 289 eV was assigned 
to several excitations - C Q ls to 3p<7, 3sc, 3p7r and 27r*. [TO] However, it was also observed that this peak is 
higher in a cobalt containing porphyrin - CoTPP - then in a non-metal porphyrin - 2HTPP. 35J This was 
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explained by complex orbital composition due to the cobalt d xy atomic orbital leading to such transitions 
with some Rydberg character. 

Note that EDX has revealed that the relative Co content in the sample grows in the same fashion as the 
feature at 290.0 eV. It is already high for 50 W magnetron power and only grows slowly when the power is 
further raised (cf. Table [T]). Because the peak assigned to aromatic C-N structures in native pyrrole samples 
(at 286.6 eV photon energy) almost vanishes with the appearance of the Co related peak at 290.0 eV, we 
suspect that the Co binds to this chemical structure and that the 290.0 eV peak mainly reflects newly formed 
C-N-Co structures. 

So it seems that C-N-Co structures similar to those present in CoTPP are formed in the dual plasma 
process. This is interesting because of the fact that those structures have been considered to be catalytically 
active 0SJ. Also note that both the C-N-Co assigned peak in the spectrum as well as the catalytic activity of 
the samples grow with magnetron power (cf. [12]). A good way to check our proposition that catalytically 
active C-N-Co sites are formed in the plasma process is to look at the N K absorption edge. If our 
assignment of the 290.0 eV peak to C-N-Co structures is correct, an equivalent peak with a comparable 
dependence on the magnetron power should show up in the N K edge spectrum, too. 

3.4.2. Nitrogen K Edge 

The N K edge spectra are shown in Figure [4] The spectrum obtained from the native polypyrrole sample 
shows 2 peaks related to the C-NH-C ring structure and the C=N-C bonds of polymerised pyrrole (35] [TS] . 
At 401.3 eV photon energy a third, little pronounced feature is detected. A similar near-edge structure has 
been also observed for pyrrole analogues. [57] 

In the samples that were produced with the magnetron and thus contain cobalt a richer structure is 
observed. First of all, additional intensity builds up in the pre-edge region between ~ 389 eV and ~ 397 eV 
which grows as the magnetron power and thus the Co content in the sample is raised. This structure is not 
related to the nitrogen K edge excitations. In fact, it reflects excitations originating from the Co £2,3 edges 
at ~ 778 eV and ~ 793 eV due to second order light. Second order light has twice the photon energy of the 
one that is set at the monochromator and can be transmitted by the beamline to a small extent because 
it also fulfills the Bragg condition. Those Co £2,3 edges are extremely intense and are located at almost 
twice the photon energy of the N K edge excitations. Therefore, this second-order interference with the N 
K edge is pronounced. We decreased the fix-focus constant Cff from the usual 2.25 down to 1.6 in order 
to reduce the second-order light transmission, yet a complete suppression could not be reached. However, 
the Co 1/2,3 second-order contributions can easily be separated from the rest of the spectrum by comparison 
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with the first-order signal measured at exactly twice the photon energy, as exemplarily shown for the 400 W 
spectrum (grey shaded area). 

Obviously, the second-order Co signal is not responsible for the peaks evolving at 401.3 eV and 404.9 eV 
photon energy which are increasing with magnetron power/Co content /catalytic activity. At the same time 
the peak at 399.5 eV assigned to pyrrolic nitrogen seems to be decreasing in intensity, in agreement with 
what has been observed before at the C K edge. 

Comparing this with previous experimental and theoretical studies, the two high-energy peaks can be 
attributed to several bindings that could be present within the compounds. For metal free catalysts - so 
called carbon-alloys - a peak at 401.5 eV was observed and assigned to graphitic nitrogen, while a peak at 
404.9 eV was not observed. 30 However, both the feature at around 401.3 eV and at 404.9 eV were found 
for CoTPP - a cobalt containing porphyrin [351 131] • We, therefore, assign the 404.9 eV peak to Co related 
structures, namely the C-N-Co structure that has already been identified in the C K edge spectra. 

For the 401.3 eV peak the situation is less clear. Previous studies on analogous compounds suggest that 
it could be either related to the above mentioned graphitic nitrogen or to amidic nitrogen (N-C=0). Since 
we have also found a pronounced C K edge peak corresponding to C=0 structures we would consider it 
more likely that the 401.3 eV peak in our samples is related to amidic nitrogen. 

3.4-3. Oxygen K Edge 

The oxygen K edge spectra are shown in Figure [5j In native polypyrrole, small atmospheric oxygen 
contaminations are observed. In the magnetron-treated samples, additional structure evolves due to C=0 
and Co-0 bonds [14]. However, while the C=0 signal is quite intense, the cobalt oxide feature remains 
rather small, which indicates that not all of the cobalt is not oxidised and other bonds, like Co-Co and 



Co-N are also produced (c. f. section 3.4.4). 



344. Cobalt K Edge 

The cobalt K edge spectra are shown in figure [6] compared to cobalt oxide (CoO) and a pure metal cobalt 
foil. It can be seen that the spectra of cobalt oxide differs strongly from the other ones. So the amount of 
cobalt oxide within the samples is probably low. This correlates with the small Co-0 peak that can be seen 
in the oxygen K absorption edge and suggests that the fraction of cobalt oxide in the compounds is low. 
Comparing the cobalt-polypyrrol samples with the pure cobalt, it can be seen that the pre-peak at 7713 eV 
increases with raising magnetron power. A peak at ca. 7710 eV in pure cobalt is attributed to an absorption 
process Is —¥ 3d. 28J However, in a cobalt-phthalocyanine compound an additional structure at 7715 eV 
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was observed and attributed to a Is — > Ap z transition related to a cobalt -nitrogen structure. |3j Since the 
peak increases with rising magnetron power, the amount of cobalt-nitrogen structures seems to be higher at 
high magnetron powers. However, the cobalt-polypyrrole spectra resemble the spectrum of metallic cobalt 
very much so it seems that most of the cobalt within the samples is still bound in a metallic state. But 
since EDX measurements have shown that the cobalt content reaches 63 at.% while nitrogen content is only 
5at.%, it is obvious that not every cobalt atom can be part of the cobalt-nitrogen structures. 

So also in the cobalt K edge spectra, indications for the formation of Co-N structures similar to the 
ones that were observed in cobalt containing porphyrins are found. Therefore it seems clear that those 
structures are actually produced by using a dual plasma process to produce cobalt-polypyrrole compounds. 
Furthermore, the more power is used the more cobalt-nitrogen structures form leading to the increased 
catalytic activity that was reported in part I of this contribution. There are two possible reasons for that 
behaviour. The first one is that - since the higher magnetron power leads to an increase of cobalt content 
within the samples - nitrogen might more easily bind to the cobalt within the films. The second reason is 
the fact that increasing magnetron powers lead to a rising plasma density and thus to a higher energy input 
into the sample due to stronger bombardment with ions and atoms. Since in chemically produced samples a 
high energy input - by heating of the substrate to elevated temperatures - is needed to produce catalytically 
active structures as well, this higher electron density might play the same role as the elevated temperature 
in pyrolised compounds. 

However it is also shown that some of the cobalt is still in metallic state - only a fraction of cobalt atoms 
is bound to nitrogen. So by changing the plasma parameters in a way that even more of those structures 
are produced it might be possible to increase the catalytic activity of the films further. 

3.4-5. catalytic activity vs. peak intensities 

In figure [8] the peak position of the oxygen reduction reaction - measured by cyclic voltammetry - is 
plotted versus the intensities of the NEXAFS-peaks assigned to the Co-N-C structures. The magnetron 
power the samples were produced with is also marked in this figure. More information on the catalytic 
activity and measurement methods are given in part I of this contribution. [42] 

It can easily be seen, that the intensity of the peaks, that can be correlated to the cobalt-nitrogen 
structures, is increasing with higher magnetron power and thus rising catalytic activity. This suggests that 
the Co-N-C structure is probably responsible for the catalytic activity of the films. 
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3.5. Extended X-Ray absorption Fine Structure of Cobalt K Edge 

From the cobalt K edges already presented in the previous section, EXAFS calculations were carried out. 
The Fourier-transform of those calculations is presented in figure [7] for cobalt-polypyrrole produced with a 
magnetron power of 50 W. The fit was carried out considering the 2 different cobalt structures - metallic 
cobalt and cobalt-nitrogen structures - that were observed by NEXAFS and XRD. It was carried out within 
the fc-values of 1 A _1 -ll A -1 and considering the r-value up to 3.6 A. The results of that fit are also given 
in figure [7] It has to be noted that, in principle, Co-O-bonds can not be distinguished from Co-N-bonds 
in EXAFS-measurements. So the bond length calculated in this section migth also refer to the Co-O- 
instead of the Co-N-structures. However, NEXAFS measurements showed that most of the oxygen within 
the samples is bound to carbon. Furthermore, Co-N-C structures could be found in C, N and Co if -edges 
and should also be present in the Fourier-transform of the EXAFS measurements. Last but not least, it was 
demonstrated by the comparison of XPS to EDX elemental content that most of the oxygen is present at the 
surface of the films. Since EXAFS is a bulk-sensitive technique (information depth approx. 1 um) the oxygen 
contaminants at the surface should only play a minor role. We therefore think it is reasonable to believe 
that the bonds in the EXAFS measurements belong to Co-N-C rather then Co-O-C. However, it can not 
completely be excluded that Co-O-bonds are also present and overlapping the cobalt-nitrogen-structures. 

The calculated atom-atom distances are also given in this figure. It is important to note that those 
distances do not mean that a bond has to be present between those atoms - only the physical presence is 
probed with EXAFS. However, from the bond lengths calculated it can be concluded that there is a bond 
between Co-Co and Co-N and no bond between Co and C. Furthermore, from the data obtained it can be 
concluded that there is a C-N bond present and since the multiple scattering with the path Co:N:C:Co is 
also included in the fitting, a C-N bond length of 1.44 A can be calculated. 

The Co-Co distance corresponds well to the one calculated with XRD, so this structure can be associated 
with the cobalt hep nanoparticles present in the sample. The C-N bond length is also close to 1.38 A, which 
was calculated for the equilibrium distance in pyrrole. |19| 

In cobalt containing porphyrins with a C0-N4 structure cobalt-nitrogen bond lengths between 1.96 A 
and 1.98 A are observed, [Ml [S3] in porphyrins where the cobalt atom is bound to more than 4 nitrogen 
atoms, the distance ranges froml.98A-2.19A. [35] In Co(N(CN) 2 ) 2 bond lengths of 2.10 A are observed. 1251 
Furthermore, in chemically produced cobalt-polypyrrole structures EXAFS measurements yielded cobalt- 
nitrogen distances between 2.04 A and 2.07 A. [48] So the bond lengths observed within the plasma-produced 
cobalt-polypyrrole structures fit very well to the ones observed at chemically produced ones. 
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Unfortunately, due to the high cobalt content in samples produced with higher magnetron powers, 
and because of the fact already discussed in the NEXFAS section that most of the cobalt is still bound 
in a metallic way, EXAFS calculation of the cobalt-nitrogen bond length cannot be carried out at higher 
magnetron powers. The cobalt-cobalt bond is dominating those spectra. A shoulder arising from the cobalt- 
nitrogen bond can still be seen, but trying to fit this peak leads to a high error level in the bond length. So 
it cannot be evaluated if the bond length changes with magnetron power from the EXAFS measurements 
directly. But since the peak positions observed with NEXAFS do not change, the catalytically active 
structure is probably the same at all samples - only the amount of this catalytically active structures varies 
with magnetron power. 

4. Conclusion 

The chemical structure of cobalt-polypyrrole compounds was analysed by various means. 

XRD measurements showed that the size of the cobalt nanoparticlcs within the compounds is 3 nm and 
thus smaller than the sizes that are observed at pyrolised samples. Furthermore, only metallic cobalt with 
the low temperature phase was observed. This is a proof that the substrate was not heated during the 
plasma process. 

With XPS and NEXAFS measurements it could be seen that by using the magnetron to introduce cobalt 
into the samples a stronger oxidation of the polypyrrole matrix takes place. It was attributed to the higher 
energy input into the substrate because of the higher electron density in the magnetron plasma. This leads 
to a stronger fractionation of the pyrrole ring so that more and more unsaturated bonds are present. Those 
bonds can then saturate when the compound is brought in contact with air. 

Furthermore, it was shown that more and more catalytically active cobalt-nitrogen structures are pro- 
duced with rising magnetron power. This is probably because of the fact that the bombardment of the 
substrate with ions and atoms increases with rising magnetron power. This leads to a higher energy input 
into the sample so that more of these structures can be produced. Since in chemically produced samples 
high temperatures - and thus also high energy inputs — have to be used to produce those catalytically 
active structures, this might be an analogue to the plasma-produced samples. 

EXAFS measurements showed that the cobalt-nitrogen bond length is 2.09 A and the carbon-nitrogen 
bond length is 1.44 A. This fits well to the distances observed in chemically produced cobalt-polypyrrole 
compounds. 

Increasing the amount of cobalt-nitrogen structures - and thus the catalytic activity - even more by 
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tuning the plasma process parameters seems possible. Since the energy input into the substrate plays the 
most important role, tuning of the plasma parameters so that the energy input into the sample raises is the 
most promising method. This can for example be done by increasing the magnetron power above 400 W. 
This is - in principle - possible. However, due to specifications of the magnetron we used, higher powers 
could not yet be achieved. Moreover, biasing the substrate is known to change the energy input into the 
substrate [221 . So, applying a bias to the samples could also have a positive effect on the production of 
cobalt-nitrogen structures. And to favour the production of cobalt-nitrogen bonds even more, the addition 
of different gases to the plasma process (e.g. N 2 , H 2 , NH 3 ) could be helpful. 
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Table 1: Elemental contents of different cobalt-polypyrrole samples; acquired by EDX measurements 



magnetron 


power Co 


N 





C 


N/C 


W 


el.-% 


el.-% 


el.-% 


el.-% 









19.1 


5.7 


75.2 


0.25 


50 


40.1 


9.6 


15.1 


35.2 


0.27 


100 


54.1 


9.0 


7.6 


29.3 


0.31 


200 


58.9 


6.8 


8.9 


25.4 


0.27 


300 


59.0 


6.7 


12.7 


21.6 


0.31 


400 


62.5 


5.2 


15.6 


16.7 


0.31 



Table 2: Elemental contents of different cobalt-polypyrrole samples; acquired by XPS measurements 



magnetron power 


Co 


N 





C 


W 


el.-% 


el.-% 


el.-% 


el.-% 







14.3 


9.2 


76.5 


50 


17.8 


3.3 


29.9 


48.7 


100 


22.4 


2.6 


31.1 


43.6 


200 


23.2 


1.5 


34.2 


40.6 


300 


24.6 


0.8 


35.6 


38.5 



Table 3: Binding energies used for fitting of C Is high resolution peaks 



Sample 


Binding energy 
eV 


Reference 


Op, C-Co 


283.45 


[331113] 


C tt /C-C/C-H 


285.00 


m 


C-N 


285.80 


m 


C-OH/C=N/C=N/CN+ 


286.55 




N-C-0/C=0/C=N+ 


287.80 




COO 


288.83 


m 


Pyrrole-shake-up, CO3 


289.70 
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Table 4: Photon energy of NEXAFS Transitions 



edge 


bond associated with transition 


transition 


transition energy 


Reference 










eV 




C 


C=C 


Is - 


"> ^2 


285.0 


[291 [52] 


c 


C-N (Pyrrole ring) 


Is - 


> ^2 


286.6 


[291 [52] 


c 


C=0 


Is - 


* 7T* 


288.3 


[51 [3] 


c 


C-N-Co; C-Co 


see text 


290.0 


[33 m\ 


c 


C-C; C=0 


Is - 


-> a* shape res. 


297.3 




c 


C=C, C0 3 


Is - 


* a* 


300.4 


HJU3J 


N 


C=N-C (pyridinic) 


Is - 


-> 7T* 


398.6 


[Mi nu 


N 


C-NH-C (pyrrolic) 


Is - 


•f 7T 


399.5 


Eg 


N 


N-C=0, graphitic N and >N-Co +tt 


see text 


401.3 


[3H5J [35] 


N 


C-N-Co structures 


see text 


404.9 


[35J 





Co-0 Co3d 


Is - 


•> 7T* 


529.5 


051 El [7] 





0=0 


Is - 


* 7T* 


531.2 


m 





C=0 


Is - 


> 7T* 


532.8 


[52 





OH 


Is - 


> a* 


539.4 


m 





Co-0 Co4sp 


Is - 


> a* 


543.7 


05JCH] 


Co 


Co-Co 


Is - 


> 3d 


7710 


[28] 


Co 


Co-N 


Is - 




7715 
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Figure 2: Summary of the binding type contents calculated from the C Is highly resolved spectra obtained by XPS measure- 
ments; the given power values represent the magnetron power, the RF plasma source was operated at 40 W for all samples 
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Figure 4: N K edge spectra of polypyrrole and cobalt-polypyrrole samples produced with different magnetron powers; the 
assignment of the peaks is given in table|4] the spectra were shifted along the y-axis; the inset shows the cobalt £2,3 edges that 
were measured between 710 eV— 810 eV and overlap with the nitrogen spectra because of second order light 
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Figure 5. O K edge spectra of polypyrrole and cobalt-polypyrrole samples produced with different magnetron powers; the 
assignment of the peaks is given in table 111 the spectra were shifted along the y-axis 
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Figure 8: correlation of peak position of the oxygen reduction peak in cyclic voltammetry with intensity of NEXAFS peaks; 
the power the samples were produced with is also given 
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